Recurrent mass extinction events (at "biomere"-a biostratigraphic unit-boundaries) characterize the middle Cambrian to Early Ordovician ( 
INTRODUCTION
The late Cambrian (Furongian Series) to Middle Ordovician records a plateau in animal diversity between the Cambrian and Ordovician radiations that was maintained by repetitive extinction and recovery (Bambach et al., 2004) . Extinction events at stage or "biomere" (biostratigraphic unit) boundaries (Stitt, 1983; Palmer, 1984; Westrop and Ludvigsen, 1987; Taylor et al., 2012) occurred at least 5 times over the ~20 m.y. of the Furongian to mid-Early Ordovician (Tremadocian Stage) (Adrain et al., 2009) . Processes that underlie this distinctive macroevolutionary regime ( Fig. 1) are not well understood, but an emerging theme focuses on fluctuations in oceanic redox state over a range of time scales (e.g., Hurtgen et al., 2009; Pruss et al., 2010; Saltzman et al., 2011; Gill et al., 2011; Thompson and Kah, 2012; Marenco et al., 2013) .
It has been hypothesized that O 2 deficiency was widespread below the surface mixed layer of late Cambrian oceans, and that upwelling of anoxic waters during sea-level rise may have been a primary cause of the global extinction at the base of the Paibian Stage . Although the spatial and temporal extent of early Paleozoic oceanic anoxia is debated (e.g., Dahl et al., 2010; Landing, 2012; Chen et al., 2015) , periodic expansion of anoxic waters in the late Cambrian is supported by the positive shift in d 13 C of marine carbonate (i.e., Steptoean Positive Isotope Carbon Excursion, SPICE, event; Saltzman et al., 2000) and d
34
S of carbonateassociated sulfate . The possibility that a link between d 13 C excursions, anoxia, and extinctions persisted into the Early Ordovician is beginning to be explored (e.g., Taylor et al., 2004) ; efforts have been hampered by extensive dolomitization (e.g., Knox Dolomite in the Appalachian Basin). An understanding of the timing and areal extent of Early Ordovician anoxia may ultimately help explain the evidence of a major post-Tremadocian transition in marine life marked by the termination of biomere extinctions (Adrain et al., 2009) , an increased abundance of skeletal carbonate (Pruss et al., 2010) , and the onset of the Ordovician radiation or Great Ordovician Biodiversification Event (GOBE) (Servais et al., 2010) .
This study examines the relationship between a prominent positive d
13
C carb excursion and a biomere-like extinction event near the base of the North American Stairsian Stage (Tremadocian) in the Ibex area of Utah. Stitt (1983) first reported the trilobite extinction in Oklahoma, and Ethington et al. (1987) demonstrated subsequent turnover of conodonts. We aim to establish a link between these extinctions, sea-level change, and anoxia (e.g., Landing et al., 2012) , and positive d 13 C carb (carbonate) (Buggisch et al., 2003; Taylor et al., 2004; Hong et al., 2011) and d
34
S CAS (carbonateassociated sulfate) excursions (Edwards, 2014) .
BACKGROUND
Trilobite extinctions, sometimes used to define stage-level biostratigraphic units termed biomeres (Palmer, 1984; Taylor et al., 2012) , are well documented in middle Cambrian to lower Ordovician shelf successions of Laurentian North America. The basal Paibian (base Steptoean) extinction has been identified worldwide (Palmer, 1984; Saltzman et al., 2000) , and it is becoming apparent that younger events are also global in scope (Westrop and Adrain, 2013 tion in North America is near the base of the Early Ordovician Stairsian Stage (top Symphysurinid biomere, Stitt, 1983; upper Tremadocian Stage in global terms, Adrain et al., 2014 ). An even younger trilobite extinction discovered at the top of the Stairsian (Adrain et al., 2009) has not yet been characterized geochemically.
The base of the North American Stairsian Stage coincides with the base of the Paraplethopeltis genacurva trilobite zone (Adrain et al., 2014;  equivalent to the base of the Paraplethopeltis zone of Taylor et al., 2012) . The trilobite extinction begins at the base of this zone in Utah, Oklahoma, and western Texas (Stitt, 1983; Ethington et al., 1987; Miller et al., 2003; Taylor et al., 2004 Taylor et al., , 2012 Adrain et al., 2014) , and is nearly coincident (within 5 m of section) with a conodont extinction at the transition from the Rossodus manitouensis zone to the so-called Low Diversity Interval (Ethington et al., 1987; Ji and Barnes, 1993) . Miller et al. (2003) suggested that extinctions in Utah were driven by sea-level fluctuations (Miller et al., 2003 , their Sequence 13, and Tule Valley lowstand).
METHODS AND RESULTS
Integrated study of trilobite biostratigraphy, sequence stratigraphy, and d Figure DR4 (Phanerozoic extinction percentages) and text with citations for composite C-isotope curve, is available online at www.geosociety.org /pubs /ft2015.htm, or on request from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
The d 13 C continues rising above an erosion surface overlain by silty, laminated dolostone containing the youngest pre-extinction trilobites (Fig. 3) . The trilobite extinction is within an overlying succession of intraclastic rudstone and rhynchonelliform brachiopod shell beds above the sequence boundary, and thus not the result of stratigraphic bias (Patzkowsky and Holland, 2012) . Above the extinction, the "top bed" of the House Limestone (Fig. DR3A) begins with a condensed succession (Fig. DR3B) 
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See detail in Fig. 3 fm. st. and Skullrockian Stages also appear to coincide with positive shifts in d 13 C (Fig. 1) (Saltzman et al., 1995; Ripperdan and Miller, 1995) , and Taylor et al. (2004) first documented that the extinction at the base of the Early Ordovician Stairsian Stage was linked to a positive d 13 C excursion. Our data from Ibex, Utah (Figs. 2 and 3 ), correlate well with sections in Texas and New Mexico (studied by Taylor et al., 2004) and at Shingle Pass, Nevada (Edwards and Saltzman, 2014) , where a positive d 34 S CAS excursion is also documented (Edwards, 2014) (Fig. 4) . Recognition of the basal Stairsian d 13 C excursion in Argentina (Buggisch et al., 2003) and South Korea (Hong et al., 2011) (Fig. 1) and suggests that progressive oxygenation of oceans reached a threshold in the Floian Stage, beyond which anoxic events were greatly diminished in scale in shelf environments. Higher oxygen concentrations would also have increased the oversaturation of surface waters with respect to calcite and aragonite, and possibly provided a mechanism for the renewed radiation of heavily skeletonized invertebrates and algae (Pruss et al., 2010) .
Although the redox state of the Ordovician oceans (e.g., Thompson and Kah, 2012; Landing et al., 2012; Marenco et al., 2013) and the broader context of early-middle Paleozoic oxygen with links to animal diversity (e.g., Berner et al., 2007; Dahl et al., 2010; Chen et al., 2015) are still debated, our results are consistent with the view that oceanic oxygen levels were at a relative low point in between the Cambrian explosion and Ordovician radiation (i.e., GOBE). Oceanic oxygenation near the base of the Cambrian (e.g., Chen et al., 2015) was thus periodically reversible during the late Cambrian to Early Ordovician. This view fits with an emerging picture of the late Neoproterozoic-early Paleozoic based on molybdenum isotopes (Kendall et al., 2015) in which episodes of extensive oxygenation break up intervals of less oxygenated oceans. Regardless of any absolute change in global O 2 concentrations between the Early and Middle Ordovician, increasingly homogeneous redox conditions (i.e., less geographic and bathymetric variability) could create greater stability in shelf environments that facilitated the GOBE if, as proposed for the Cambrian radiation by Sperling et al. (2013) , this increased the proportion of carnivores (e.g., cephalopods; Servais et al., 2010) and overall diversity.
Sea-Level Driver?
Although periodic expansion of anoxic waters into shelf environments may have triggered repeated extinctions that extended into the Early Ordovician Tremadocian Stage, the driver remains poorly understood. The SPICE (Fig. 1 ) was presumed to be triggered by sea-level rise , with the peak in d We interpret the silty, laminated dolostone containing the youngest preextinction trilobite fauna in the upper House Limestone as a thin lowstand systems tract (Fig. 3) (Miller et al., 2003) , although, in addition to sea level, it is possible that some sedimentologic features (e.g., dissolution surfaces) were influenced by changing carbonate saturation as a function of oxygen levels (cf. Pruss et al., 2010) . This pre-extinction lowstand systems tract in Utah may correlate to a stratigraphic break in New Mexico (near the base of the Sierrite Limestone; Taylor et al., 2004) , but correlations to discontinuity surfaces further east in Laurentia and other continents are less certain (Ethington et al., 1987; Ji and Barnes, 1993; Miller et al., 2003) . The trilobite extinction horizon in Utah is within the overlying fining-upward succession of intraclastic rudstone and rhynchonelliform brachiopod shell beds that is interpreted as a high-energy transgression (Fig. 3) . The sea-level rise in the early Stairsian appears to have been terminated by a fall in sea level near the d 13 C peak in the lower Fillmore Formation (Miller et al., 2003) .
The base Stairsian extinction likely resulted from ecological factors triggered in part by spread of anoxic and/or dysoxic water and possibly sea-level-related habitat destruction in the outer shelf (Westrop and Ludvigsen, 1987) . Consistent with the observation that the positive d La Silla, Precordillera, Argentina (Buggisch et al., 2003) Tremadocian 0 m 50 Shingle Pass, NV (Edwards & Saltzman, 2014; Edwards, 2014) 3), multiple carbon cycle drivers in addition to sea level are likely superimposed to produce the complex signal (e.g., changes in ocean circulation and ventilation or weathering fluxes); this could also explain why some large Ordovician sea-level changes (e.g., basal Stonehenge transgression; Miller et al., 2003; Taylor et al., 2012; Landing et al., 2012) are not associated with isotopic excursions or extinctions.
